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1. INTRODUCTION
Constructed wetland treatment systems (CWTS) are emerging as low-
cost, easily operated, efficient alternatives to conventional treatment systems
for a wide variety of wastewaters (1,2). Use of constructed wetlands for
municipal wastewater treatment has the longest history and more is known
about this application than any other. During the past few years, the
application of CWTS has increased considerably for treatment of acid coal
mine drainage (3). The other applications of CWTS have included pulp mill
effluent (4,5), refinery effluent (6), swine farrowing and feeding wastes (7),
poultry rendering wastes (8,9), landfill leachate (10,11,12), and urban runoff
(13,14,15).
CWTS can reduce considerable amount of many contaminants
including biochemical oxygen demand (BOD5), suspended solids (SS), and
nitrogen, as well as metals, trace organics and pathogens (1,16). The
principal treatment mechanisms in constructed wetlands are based on
bacterial metabolism and physical sedimentation,asisthe casefor
conventional activated sludge and trickling filter systems (7).
Although use of CWTS for wastewaters other than municipal sewage
is increasing, information on design, operation, and performance is sketchy2
(2). A mathematical kinetic design model based on BOD5 kinetics has been
developed only for municipal wastewater. The model developed for free
water surface (FWS) constructed wetlands, has been based on genericmodel:
first-order reactions for plug-flow and steady state conditions. Two basic
assumptions were considered for FWS kinetic design equation: 1) that the
BOD5 removal kinetics follow a first-order model; and 2) the hydraulic
condition that prevails in a free water surface constructed wetland is similar
to a plug-flow reactor due to its long narrow channel (1,2). This model
developed for the FWS constructed wetlands, has been compared with the
performance of some existing constructed wetlands. Their prediction of
results and actual performance were compareable (1).
A design model based on BOD5 kinetics for treatment of pulp mill
wastewater in constructed wetland treatment systems is not available. A
generic model may be adaptable to the treatment of other wastewaters but
there is a clear need for research to identify the key parameters (such as, a
degradation rate constant for the waste under field condition) and a need to
refine numerical values for the model.
For pulp mill wastewater, the contaminants of primary concern are
BOD5 and suspended solids. Concentrations of nitrogen and phosphorus are
low in pulp mill wastewater, so their removal is not a primary concern. Pilot
studies show that constructed wetlands effectively reduce total BOD5 and SS
from pulp and paper mill effluents (4,5), but specific design parameters are
not known.3
The design equation of FWS wetlands includes waste-dependent
parameters and characteristics wetland parameters. The waste-dependent
parameters are: i) a removal-rate constant of the waste and, ii) the fractional
BOD5 that does not settle near the headworks. These parameters for pulp mill
wastewater arelikelyto be different from municipal and domestic
wastewaters.
The wetland coefficients used in the equation are:i) the specific
surface area of plants, ii) the porosity of the wetland cells and iii) an
empirical constant for filter media characteristics. These coefficients are
assumed to be the same for a FWS constructed wetland when used for
treatment of pulp mill wastewater, because these wetland parameters are
usually independent of waste characteristics.4
2. OBJECTIVES
The aim of this study was to determine the rate of BOD5 removal for
pulp mill wastewater in a FWS constructed wetland. The equation will be a
modified form of the existing equation for municipal wastewater. The
numerical values for the existing model for municipal wastewater was
redefined by field data collected from pilot cells used to treat pulp mill
wastewater. Since the FWS wetland characteristics are the same as those
used in an existing model for modeling municipal wastewater,the
coefficients were not changed in this study. Only the values of waste related
parameters were evaluated and redefined in the course of this study.
The specific objectives of this study were:
1)to determine the BOD5 degradation rate constant, KT, for pulp mill
wastewater under field conditions in a FWS constructed wetland and
express the value of the rate constant for 20 °C by using a modified
van't Hoff-Arrhenius relationship with temperature;
2)to determine the colloidal and dissolved fraction BOD5 for the pulp
mill effluent that will be treated in the constructed wetlands;
3)to compare the effects of two different hydraulic loading rates on the
rate constant, KT and treatment efficiencies.5
3. LITERATURE REVIEW
3.1 Types of Constructed Wetlands
Constructed wetlands are either free water surface (FWS) systems
with shallow water depth or subsurface flow systems (SFS) with water
flowing laterally through a porous media.
A constructed wetland designed for FWS systems typically consists of
a basin or a channel, soil or another suitable medium to support emergent
vegetation, and water at a relatively shallow depth flowing over the soil
surface. To prevent seepage, a liner is incorporated into the design. Either
natural or a constructed subsurface barrier of clay or impervious geotechnical
material is used. Familiar emergent vegetation used in FWS constructed
wetland includecattails(Typha spp.),bulrush(Scirpusspp.),reed
(Phragmites spp.), and various sedges (Carex spp.) (17,18). Channels in FWS
system are typically long and narrow, ensuring approximate plug-flow
conditions (1,2).
In a subsurface flow system (SFS), the basins or channels are filled
with a permeable packing medium, usually gravel, and are planted with
emergent plants, including cattails, bulrushes, and native sedges, and other
local species (1). The root-zone method (RZM) and rock-reed-filter (RRF)
are the two principal categories of subsurface flow system. To grow plants,6
a soil medium is used in the RZM system and rock or sand is used in the
RRF system.In both systems the flow of wastewater is maintained
approximately 15-30 cm below the bed surface (3).
3.2 CWTS Process Description
The major components in constructed wetlands having some influence
in the treatment process include plants, soil, bacteria, and animals. Their
functions are influenced by water depth, temperature, pH and dissolved
oxygen concentration (1).
In a wetland, the transfer of oxygen into the root zone is one of the
major contributions of plants. The stalks, roots, and rhizomes penetrate the
soil and transport oxygen deeper than it would normally travel by diffusion
from the air-liquid interface alone (1).
Most importantly plants provide surface area in a FWS wetland. The
submerged portion of the leaves, stalks, and litter can also serve as the
substrate for attached microbial growth. The attached biota are believed
responsible for much of the treatment that occurs (1). A few specific
functions of plants that influence wetland treatment systems are summarized
in Table 3.1.
BOD5 loading can be the limiting design factor for CWTS. If BOD5
loading depletes all the oxygen and aerobic conditions are not maintained in7
the upper water column of the unit, then off odors may result. The natural
source of dissolved oxygen in the systemissurface reaeration and
photosynthetic oxygenation. Dissolved oxygen in unaerated wastewater pond
varies almost directly with the level of photosynthetic activity, being low at
night and early morning and rising to a peak in the early afternoon (1).
Table 3-1.Functions of Aquatic Plants in CWTS
Plant Parts Functions
Roots and/or stems in the 1. Surfaces on which bacteria grow
water column 2. Media for filtration or adsorption of solids
Stems and/ or leaves at or
above the water surface
1. Attenuate sunlight and thus can prevent the
growth of algae
2. Reduce the effects of winds on the water, i.e.,
the transferof gases between the atmosphere
and water
3. Important in the transfer of gases to and from
the submerged parts of plant.
a. Adopted from Stowell et al., 1981 (19)
CWTS can reduce high levels of biochemical oxygen demand (BOD),
suspended solids (SS) and nitrogen as well as significant loading of metals,8
trace organic compounds and pathogens (1). This reduction is accomplished
by diversetreatment mechanisms:includingsedimentation,filtration,
chemical precipitation and adsorption, microbial interactions and uptake by
vegetation. Settleable organics are rapidly removed in wetland system by
quiescent conditions, deposition and filtration. Attached and suspended
microbial growth is responsible for removal of soluble BOD5 (20).
3.3 Importance of Hydrological Factors
The performance of any constructed wetland is dependent upon the
system hydrology as wellasother factors.Precipitation,infiltration,
evapotranspiration (ET), hydraulic loading rate, and water depth can all
affect the removal of organics, nutrients and trace elements not only by
altering the detention time, but also by either concentrating or diluting the
wastewater. A hydrologic budget should be prepared in order to properly
design a constructed wetland treatment system. Change in the detention time
or water volume can significantly affect the treatment performance (21).
For constructed wetlands, the water balance can be expressed by
Equation 1 (3):
+p ETd; (1)9
where,
Q0 = influent wastewater flow, m3 t-'
Qe = effluent wastewater flow, m3 t-1
P = precipitation, m3 tl
ET = evapotranspiration, m3 tl
V = volume of water in constructed wetland, and
t = time.
Ground water inflow and infiltration are excluded from Equation 1 because
impermeable barriers are used at the bottom of CWTS.
Precipitation and evapotranspiration can be estimated from the
historical climatic records. If the system operates at a relatively constant
water depth (dV/dt = 0), the effluent flow rate can be estimated using
Equation 1.
3.4 Constructed Wetland Process Design
The design of constructed wetlands to achieve effective treatment
involves consideration of:1) operating water depths, 2) hydraulic residence
time, 3) process loading rates, 4) process kinetics, and 5) temperature effects.10
3.4.1 Water Depths in FWS System
The operating water depthsfor aquatic systems are extremely
important with respect to process performance and in defining the hydraulic
residence time.
Two climatic factors can significantly affect the hydraulic residence
timeataconstanthydraulicloadingrate;inthesummertime,
evapotranspiration, and in the wintertime, ice formation. Evapotranspiration
can significantly increase residence time through a resulting sluggish flow,
while ice formation can decrease the residence time by reducing the designed
water depth (2,22). The recommended water depth at Listowel, Ontario, for
summertime was found to be approximately 10 cm, and for wintertime it was
30 cm, since ice formation is typically expected in winter. This higher depth
in winter is to minimize the climatic effect on hydraulic residence time (22).
The depth of flow in emergent plant systems will, to a large extent,
depend on the type of emergent plants. Cattails and bulrush depth typically
range from 300-600 mm. Where sedge is used as emergent plants, water
depth will usually be in the range of 250-450 mm (2). In deeper water
bulrush may give way to cattails. Cattails grow well in submerged soil and
may dominate where standing water depth is over 150 mm. Reeds grow
along the shore lines of water bodies (2).11
3.4.2 Hydraulic Residence Time
Treatment performance in constructed wetlands is a function of
hydraulic residence time (HRT), among other factors. Design flow, ground
slope, geometric shape of the wetland cells, water depth, hydraulic loading
rate(HLR), and porosity due to the presence of vegetation are the factors that
directly or indirectly change the hydraulic residence time in a wetland.
Hydraulic residence times are estimated either by taking the ratio of
the volume to the flow (HRT = Volume/flow, m3/m3.d-1) or by the ratio of
the water-depth to the constant hydraulic loading rate in the wetland (HRT
= depth/hydraulic-loading rate,cm/cm.d-1). In either case, estimation of actual
residence time in a wetland system may be difficult to determine for several
reasons. Large dead spaces may exist due to vegetation growth, solid
sedimentation and the degree of flow channelization ( i.e., short circuiting).
Only a fraction of the total volume may actually be available for wastewater
flow.
Dye studies from Arcata, California, and Listowel, Ontario provide
evidence that a FWS wetland has 75% porosity (the effective volume for
wastewater to flow) (1). Although, to a certain extent the porosity depends
on the age of the wetlands. To estimate actual residence time the effective
water-depth or volume can be calculated by assuming 75% of the designed
depth or volume of the wetlands.12
A detention time of 6 to 7 days has been reported to be optimal for the
treatment of primary and secondary municipal wastewater (Stephenson, M.,
et al.1980, cited in EPA Design Manual, 1991)(22). These values are
generalized and dependent on temperature. A shorter detention time does not
provide adequate time for pollutant degradation. On the other hand, a longer
detention time can lead to stagnant, anaerobic conditions (22).
3.4.3 Process Loading Rates
3.4.3.1 Organic Loading Rates
There are two goals for organic load control. The first is to provide a
carbon source for denitrifying bacteria and the second isto prevent
overloading of the oxygen transfer ability of the emergent plants in the
wetland system. Heavy organic loading, especially if not evenly distributed,
will cause plant die-off and odors (22).
The most commonly used loading parameter for a constructed wetland
system is based on surface area and is expressed as kg BOD5 (1-' (23).
However,caremust beexercisedinusingarealoadingcriteria
(mass/area.time) because the actual load is not applied uniformly but tends
to be concentrated at the inlets, whereas oxygen is supplied uniformly across
the surface (24).13
Organic loading has been light on most FWS systems evaluated (2).
The relationship between organic loading rate and BOD5 removal suggests
that a linear correlation exists, at least up to a loading rate of 100 kg BOD5
ha' (1-1, which was one of the highest values reported in the literature for a
FWS system (1). Most wetland systems have been operated at loading rates
ranging from 18 to 116 kg BOD5 ha-1 d-1 and achieved 70 to 95% BOD5
removal (2). Organic loading has not been used as a principal design
criterion for constructed wetland, but it should be checked to ensure
maintenance of aerobic conditions (2).
Organic loading in a FWS wetland can be controlled by step-feed
distribution, because most settleable BOD5 will be removed close to the inlet
and organic loading may be particularly high in this small area. For polishing
lagoon effluent in Gustine, California, this problem was solved with
wastewater distribution at the head and one-third point in the channels with
provision of additional points if needed (25). A mass loading rate of about
112 kg ha' d-1 is a typical upper loading rate.
A mathematical justification for a typical FWS wetland has been
established by estimating the oxygen transfer capacity for wetland vegetation.
Estimation of loading by this method is a two step process: 1) first, calculate
the required oxygen; then 2) calculate the available oxygen for the assumed
surface area. The following two equations are used (1):
Available02
Tr02(A)
1000
(2)14
Required02 = 1.5(BOD5) (3)
where,
02 =Oxygen, kg d-'
BOD5 = organic loading, kg d-1
Tr02 = oxygen transfer rate for the vegetation, g c1-1 per m2
= 20 g d-1 per m2 (typical)
As = surface area of wetland, m2.
As a safety factor, available 02 should exceed the required 02 by a
factor of 2 (1). Commonly used emergent plants can transmit 5 to 45 g 02
d-1 per m2. At a typical oxygen transfer rate of 20 g d-1 per m2, the organic
loading rate for a wetland should be 133 kg BOD5 ha-1 c1-1 (1).
During summer, anoxic or anaerobic conditions may occur due to
reduced reaeration and oxygen solubilities and increase oxygen use by the
biological community. The effect of these factors are more pronounced in
sluggish flows caused by high evapotranspiration losses (2).15
3.4.3.2 Hydraulic Loading Rate
Hydraulic loading rate for constructed wetland systems is also not a
primary design parameter (24). However, it is a convenient parameter for
making comparisons between different systems and a useful tool for making
quick preliminary determinations of land area requirements. When a
controlled hydraulic loading rate is used, this can be a useful tool for
determination of detention time for wastewater in wetlands by relating to the
water depth.
Hydraulic loading rates used in practice range from 150-500 m3 ha-1
d' (1.5-5.0 cm d-'), or in other words, specific area requirement used in
practice range from 2.1 to 6.9 ha/103 m3.d (24). Tchobanoglous et. al. (1980)
summarized hydraulic loading rates for several types of systems(26). From
a summary of North American systems it was found that FWS systems were
usually loaded less than SFS. An arbitrary break line for FWS appears to be
about 1000 m3 /2.7 ha. d (3.7 cm d-1). From results obtained at Listowel,
Ontario, it appears that a hydraulic loading rate of 200 m3 ha' d-' (2 cm d-')
should provide maximum treatment efficiencies for BOD5 removal (22). For
wetlands designed to polish secondary or advanced treated effluent and to
provide wildlife and aquatic habitat in the Central coastal valleys of
California, a specific area of 2.1 ha/103 m3.d has been found to provide
optimum benefits (24).
Evaporative water losses in summer months generally decrease the
water volume in the CWTS, and therefore the concentration of remaining16
pollutants tends to increase even though treatment is effective on a mass
removal basis (1).
3.4.4 Design Based on Kinetics
3.4.4.1 Fitst-order Plug-flow Kinetics
The rate of microbial substrate utilization can often be defined
adequately by the following expression proposed by Monod (27):
kCX rsu
where,
(4)
rs.= rate of substrate utilization, mg L-1 d-1
C = substrate concentration, mg L-1
X= concentration of microorganism, mg L-1 d-1
k = maximum rate of substrate utilization, time-1, or
(k =/ Y)
Ks= half-velocity constant, substrate concentration at one-half the
maximum growth rate, mg L-1A generic plot for this model is given in Figure 3-1:
2
Maximum rate
Ks
Limiting nutrient concentration
17
Figure3-1.Plot showingtheeffectsof alimitingnutrienton thespecific
growth rate ( Metcalf and Eddy, 1991), (24).
At high substrate concentration, the Monod model reduces to a zero-
order kinetics. The rate becomes independent of the substrate concentration.
On the other hand, at small substrate concentration the rate is linearly
dependent on substrate concentration. In this phase C<<K and the Monod
equation reduces to:
kX
I=
Ks (5)
Assuming that the biomas (X) changes are negligible, quantity kX/K,
becomes a constant. This changes the Monod model to a first-order kinetics
which can be expressed by Equation 6:rsu= -K7C
where,
KT= kX / K the temperature dependent rate constant, t-'
18
(6)
Microbial organic degradation generally follows first-order kinetics
(24, 28). Studies of kinetics of BOD reactions have established that they are
for most practical purposes "first-order" in character, or the rate of reaction
is proportional to the amount of oxidizable organic matter remaining at any
time, as modified by the population of active organisms. The assumption of
first-order reaction is only valid, as explained above, when the substrate is
in dilute concentration and the microbial population has reached its constant
phase.
In a plug-flow reactor, it is assumed that there is no forward and
backward mixing as the material moves from inflow to outflow. Only
vertical dispersion of material is assumed. Kinetically it is analogous to a
batch reactor system. For a plug-flow reactor with or without recycle, it has
been found that removal kinetics of BOD (assuming first-order kinetics) can
be described adequately by Equation 7:
Ce
= exp(-KT t )
Co
(7)19
Where,
Ce = effluent BOD5 concentration, mg L-1
Co = influent BOD5 concentration, mg L-1
KT = temperature dependent first-order rate constant, d-1
t= hydraulic residence time,d-1
3.4.4.2 Kinetic Design Model for FWS Constructed Wetlands
The kinetic design equation for the FWS constructed wetlands,
developed for municipal wastewater, is based on first-order plug-flow
kinetics of BOD5 in a steady-state condition of the systems.
The hydraulic condition that prevails in a FWS constructed wetland
has been assumed to be similar to a plug-flow reactor due to its low flow
velocity, shallow water depth, presence of plant stalks and litter; especially
when water flows into a long narrow channel (1). The assumption has also
been made that the wastewater is a dilute concentration of substrate. This fits
wetland systems since they are predominantly used as tertiary treatment
system. Although sometimes wetlands are used for secondary treatment, a
pretreatment (e.g. installation of an Imhoff tank for primary treatment) is
always included in order to remove settleable BOD5. On the other hand,
removal of settleable BOD5 are rapid in all wetland systems due to the
quiescent conditions in the FWS systems (2). Attached and suspended
microbial growth are responsible for removal of soluble BOD5. In a steady-20
state condition of wetlands, it is assumed that the microbial population is not
changing very much. The growth of attached microbes are limitted by the
available plant surface area and excess suspended microbes are regularly
wasted through the effluent. Hence, keeping all other factors of the wetland
constant, it can be assumed that the rate of degradation is going to be
proportional to the amount of oxidizable organic matter remaining at any
time.
Taking hydraulic residence time, t, from Equation 7, it can be stated
that "t" is a function of design flow-rate and system geometry as described
by Equation 8 below:
where,
LWd t
Q
L = length of the wetland cell, m
W = width of the wetland cell, m
d = depth, m
Q = average flow rate through the system, m3
(8)
The above equation represents hydraulic residence time for an
unrestricted flow system. In a FWS wetland, a portion of the available
volume is occupied by vegetation, so the actual detention time is a function21
of the porosity, "n", which can be defined as the remaining cross sectional
area available for flow. The porosity can be defined byEquation 9:
Vv
n =
VT
where,
Vv = the void volume and
VT = the total volume.
(9)
So, the actual residence time of a FWS wetland in relation to the system
geometry can be written by Equation 10:
tLWdn
Q
(10)
The product (n*d) is, in effect, the "equivalent depth" of flow in the system.
The ratio of, residence time from dye studies to theoretical residence time
calculated from the physical dimension of the system, should equal the ratio
of (n*d):d. The porosity for the Listowel, Ontario and the Arcata, California
systems was determined to be 0.75 on the basis of dye studies. This fraction
of 0.75 takes in to account the vegetation, dead plant materials (detritus) and
any dead space formed by the hydraulic regime in the system.This number
has been suggested valid for the general case (1).22
Reed et. al. (1988) suggested that experience of overland flow and
trickling filter systems can be applied to FWS constructed wetland design.
Combining the relationships in Equations 7 and 10, the kinetic design model
for FWS constructed wetland is given by Equation 11:
Ce= A exp [-0.7(IA 0115 KTLWdn (11)
Co
where,
Ce= effluent BOD5 concentration, mg L-1
Co= influent BOD5 concentration, mg L-1
A= colloidal and soluble fraction of BOD5 that will not settle near
the headworks
0.7= empirical constant for media characteristics for microbial
attachment
KT= temperature dependent first-order rate constant, d-1
Av= specific plant surface area, m2 /m3
LWdn/Q = t, the actual residence time in effect (LWd and n have been
defined earlier as system geometry.
This equation is a modified form of first-order plug-flow system as
described earlier by Equation 7. With respect to substrate concentration, a
correction factor "A" for the waste has been added to the equation. This23
correction factor is the fractional amount of BOD5 that accounts for the
colloidal and dissolved BOD5. The other or settleable fraction has been
removed by settling at the headworks. Thus, the model results in a dilute
concentration to satisfy the assumption of first-order kinetics.
This correction factor "A" for municipal wastewater varies according
to the types of wastewater to be treated:
A= 0.52 (for untreated wastewater) and
A= 0.73 (when BOD530 mg L-1 )
The other parameters associated with the rate constant are due to
wetland characteristics. It has been assumed that plant surface area Av has
some influence on the rate constant, since it provides the area for microbial
attachment. The parameter Av has been calculated assuming plant stalks are
cylindrical and have a diameter of 1.27 cm; plus the assumption that in 1 m3,
vegetation occupies 1 x 0.05 = 0.05 m3 (1).
Surface area of one plant = 3.14 DL
Volume of one plant = 3.14 D2L/4
Specific surface = (Surface area)/Volume = (4/D) * (0.05) = 15.7 m2/m3
where, D = 0.0127 m.24
Substituting these factors, rearranging and solving terms in equation
11,the detention time and required surface area for FWS wetland can be
estimated by Equation 12 and 13, respectively,
LWdn In CoInCe + InA
Q 86.7KT
A (land area, ha)
Q [ InfoInCe + LnA]
86.7 KT do (10000)
3.4.5 Temperature Effects
(12)
(13)
The performance of allaquatic biological treatment systemsis
temperature dependent. Based on both experimental studies and an analysis25
of data presented in the literature, it appears that a modified van't Hoff -
Arrhenius temperature relationship can be used to estimate the effect of
temperature on wastewater treatment using aquatic systems (23). The
relationship is represented by Equation 14:
KT
= Ic0(e)T 2° (14)
where,
KT= removal rate constant at water temperature T,d-1
K20 removal rate constant at 20 °C, oz1-1
T = operating water temperature,°C
0 = temperature coefficient
Based on experimental studies with water hyacinth and emergent
plants, Tchobanoglous et.al.(1980) suggested that the value of the
temperature coefficient 0 is 1.06.26
3.5 Sensitivity of the Model to its Coefficients
A sensitivity of Equation 11 to the specific surface area (Av), and the
water temperature (T), were examined by the EPA (1991). This study
indicated that, for values 12 to 16 m2/m3 corresponding to an average reed
stalk diameter of 12 to 16 mm, the Ce/C0 values can range from 0.18 to
0.098 at the end of a 335 m wetland channel. For a stalk diameter 12.7 mm
and vegetation volume 5 percent, it was estimated that the specific surface
area is 15.7 m2/m3. In an actual wetland situation, it is difficult to measure
specific surface area directly. It represents the surface area from all plant
litter in water column including reed stems, leaves and roots. The sensitivity
of the equation to the specific area coefficient is not high. This means that
specific area can be estimated and predicted results are likely to match actual
results. If the equation proved to be sensitive to the estimate of surface area,
then it would mean that this coefficient would have to be known accurately,
which is not possible, and the equation would have been of limited value.
The sensitivity of Equation 11 to temperature was calculated by
varying it in the range 5 to 25 °C for the predicted Ce/Co ratio at Listowel,
Ontario. The degree of treatment at 5 °C was significantly reduced compared
to that at 25 °C. This indicates that the equation is sensitive to temperature
and therefore temperature must be accurately predicted for use in the
equation.4. METHODS
4.1 Project Site Description
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The Pope and Talbot Inc. pulp mill at Halsey, Oregon, 20 miles South
East of Corvallis, produces 53,000 m3 wastewater per day from its operation.
The mill obtains waterfrom the Willamette river and then discharges
wastewater back to the river after use.
The mill treats its wastewater before discharging to the river. The
treatment facilities include a primary clarifier, and a 24 ha aerated lagoon for
secondary biological treatment. The effluent from the primary clarifier
contains an average of 140 mg BOD5 which enters into the aerated
lagoon for secondary treatment. The aerated lagoon has a 14-day hydraulic
residence time. The secondary treatment of the lagoon reduces the level of
BOD5 to a range of 15-30 mgdepending on the season and the operating
load of the mill.
In 1989 this mill evaluated the possibility of expanding operations.
With higher production, the aerated lagoon was expected to have higher
hydraulic and organic loading that would serve to shorten the hydraulic
residence time and increase the strength of the secondary effluent unless the
capacity of the lagoon was increased. Alternatively, the mill could have
added some types of advanced treatment. One alternative considered was the
construction of wetlands to treat the higher strength lagoon effluents.28
In 1990, a pilot program for evaluating the treatment efficiencies of a
constructed wetland treatment system was started through a cooperative study
by Oregon State University and Pope & Talbot, Inc. A 10 cell pilot research
facility was constructed for this study. The dimension of each cell is 63 m
long, 21 m wide and 0.45 m deep, providing a 3:1 length to width ratio. One
of the cells has been filled with large rocks to provide a subsurface flow
system (but without emergent plants) and the other 9 cells consisted of a free
water surface (FWS) system with emergent plants. Two kinds of emergent
plants, cattails (Typha spp.) and hard-stem bulrush (Scirpus spp.) were
planted in each of the 9 cells. Four cells were provided with 10-day
detention and the other 6 cells with 2-day detention time. Two of the 10-day
cells received fresh water, while the rest were loaded with effluent from the
aerated lagoon.
For the last1 and 1/2 years, these pilot cells have been treating
effluent from the aerated lagoon. The study shows that constructed wetland
can reduce total BOD5 by 40 to 60 % from secondary pulp mill effluent in
the tertiary constructed wetland treatment system.
In early 1993 a program was undertaken to evaluate the treatment
efficiencies for higher strength effluent. Instead of the final effluent from the
aerated lagoon water was taken from a point corresponding to the first
quarter of the aerated lagoon. This water was assumed to be partially treated
for 4 days in the lagoon before entering in the pilot wetland cells.29
4.2 Experimental Setup
Three pilot cells were selected to be monitored for this study. The cells
were all FWS system having cattail (Typha spp.) as the emergent plant
growing into them. Cells 2 and 5 had a vegetation cover of about 70 to 80%,
but cell 10 had about 50 to 60% vegetation cover.
The same system-geometry for all 3 cells were maintained, (e.g. length
63 m, width 21 m and depth 0.45 m). However, two different hydraulic
loading rates were set. Cell 2 was provided with a detention time of 6.5 days
and cells 5 and 10 with a detention time of 12 days. Table (4-1) shows the
summary of the hydraulic loading and residence time for the cells.
Table 4-1: Hydraulic Loading Rate and Detention Time for Experimental Cells
Cell # 2 Cell # 5 Cell # 10
Design flow:
m3per cell
73 35 35
Hydraulic loading
rate (HLR): m3 ha"' d-' 547 265 265
(cm d-') (5.47) (2.65) (2.65)
Design depth (m): 0.45 0.45 0.45
Effective depth, (d*n),: 0.34 0.34 0.34
Hydraulic res. time,
HRT (designed): days 8.2 17 17
[HRT=depth /HLR]
HRT (effective): days 6.2 12.8 12.8
[HRT=eff. depth /HLR]30
4.3 Sample Collection
Samples were drawn from 5 different points in the cell: at influent, 16
m, 32 m, 48 m and at the effluent. The sample points are shown in Figure
4-1.
T
21 Influent
m
1
K 63m
o o 0
o 0 0 0
o 0 0
Effluent
Om 16m 32m 48m 63m
Fig. 4-1 Sampling points for investigation of remaining BOD5 along the length of the
wetland cells.
Samples were collected weekly during the months of March, April and
a portion of May and the BOD5 tests for the samples were conducted in the
Bioresource Engineering water quality laboratory. The water temperature was
recorded each time the samples were drawn.31
4.4 BOD5 Determination of the Samples
Analysis was conducted according to the procedure outlined in
Standard methods (29) to determine BOD5 for all the samples. A seeded
method was used by securing effluent from the primary clarifier as seed for
the BOD5tests.
4.5 Model Selection for Estimation of Removal Constant, KT
The BOD5 removal in a FWS wetland has been described by a first
order plug-flow kinetics. Reed et.al.(1988) incorporated few more
parameters from the characteristics of wetland and the kind of waste to be
treated for better prediction of the model. The equation has been described
in section 3.4.4.2. This happens to be the only well documented kinetic
design model available for a FWS system. The same model has been referred
to by other researchers and model predictions were shown to be consistent
with data from some FWS wetland systems (22). The model is illustrated
here again as a reference.
Ce 1 75 LWdn = Aexp[-0.7(Av) KT I ( 1 1 )
C) Q32
The values for the coefficients of the model are as follows:
L= length of the cell, the variable of the model
W=21 m
d= 0.45 m
n = 0.75
Q= design flow of the cell w.r.t hydraulic residence time, m3 (1-'
A,= 15.7 m2/m3
A= dissolved unsettleable fraction of BOD5.
4.6 Determination of Rate Constant, KT
The BOD5 data of the samples would represent the value of the
remaining BOD5 of the wastewater. These values can be expected to decrease
along the distance of the cell, which should normally follow a first-order
kinetics under plug-flow,steadystateconditions. The shape of the
degradation curve will depend on the value of the rate constant of the
wastewater.
Since all other wetland parameters were assumed to be constant with
the Reed model, the numerical values stated under section 4.5 were
substituted into the model and the model equation was linearized. A least
square method was used to solve for the rate constant. Least square method
involves fitting a curve through a set of data points so that the sum of the
square of the residuals (the difference between the observed and fitted
points) was a minimum.33
4.7 Determination of Factor "A" for the Model
The design of a wetland treatment system must provide for the
removal of the dissolved and colloidal BOD5. The settleable BOD5 normally
settles near the headworks. As a result, a kinetic design model very much
depends on the concentration of the dissolved and colloidal BOD5.
The factor "A" in the model is defined as the fractional BOD5 that
does not settle near the headworks. In other words, it accounts for the
dissolved and colloidal unsettleable BOD5 of the waste. Reed et. al. (1991)
suggested that this fraction is 0.52 if the waste has BOD5 more than 30 mg
L-' and 0.72 if the BOD5 is less than or equal to 30 mg I.,"'.
For every sample the settleable fraction of the influent BOD5 was
seperated.To determine the factor "A", the influent samples were
partitioned. The samples were kept undisturbed for 2 hoursallowing the
settleable organic solids to settle. A sample was then pipetted from the upper
part of the settling bottles and set for BOD5 determination. The resultant
BOD5 of the sample accounts for the dissolved and colloidal unsettleable
BOD5of the waste.
Thus the factor "A" was calculated as the ratio of the BOD5 after
settling, to the total BOD5, of the original sample, or A = (colloidal and
dissolved BOD5) / the influent BOD5.34
5. RESULTS AND DISCUSSION
5.1 Pirliminary Data analysis
Figures 5-1 and 5-2 show the removal performance of all 3 wetland
cells. The percentage of the remaining BOD5 (Ce/C0), has been plotted
against the lengths of the sampling points along the cells. Note that at time
zero the value of Ce/C0 is less than 1.0, because the settleable fraction of
BOD5 that has settled near the influent has been subtracted from the influent
BOD5. The design equation of a constructed wetland generally takes into
account the fractional BOD5 that does not settle near the influent inlet.
Cells 5 and 10 with low hydraulic loading rates (HLR) and high
hydraulic residence times (HRT), have demonstrated a uniform removal rate
(fig. 5-1). BOD5 reduced progressively from the cell inlet to the cell outlet.
However, cell 2 with high HLR and low HRT showed an irregular removal
rate (fig. 5-1). The spatial and temporal variabilities in cell 2 are higher than
cell 5 and 10. One of the reasons could be the higher flow velocity resulting
in greater short circuiting in this cell. Two data sets for April 12 and May
12 in cell 2 are quite unusual. At the middle of the cell the BOD5 has
increased almost as high as the influent BOD5. A possiblereason for this
could be short circuiting or addition of BOD5 from dead plant biomass.
However, this has not been supported by data observed from other days. The
abnormality of April 12 might also be explained by a change in the influent.
On March 31 higher BOD5 was recorded in the influent (almost double the00a0
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Fig 5-1. Relationship of Ce/CO over the length of the cells in different dates.
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normal strength) due to a clean up operation within the plant. This higher
strength might have influenced the data for April 10, but there is no proof
for that. In addition, the abnormalities of May 12 data have no similar
evidence to justify the variation. While there are data points that appear to
represent abnormalities, all the data have been included in the analysis.
Figure 5-2 shows the average removal percentage of all different cells.
The average remaining BOD5 for all sampling points have been plotted with
respect to the lengths of the cells. This is to show the general trends of all
the 3 cells.
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Fig. 5.2. Average Ce /CO values for all 3 cells along their length,
cell 2 shows irregular removal rate.
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5.2. Fitst-order Plug-flow Kinetics for FWS Wetland
The free water surface wetland model described by Reed et. al. (1990)
is based on first order plug-flow kinetics. The details of the model have been
explained earlier (see Equation 11 under section 3.4.4.2). As indicated in the
objectives, the scope of this study did not include investigation of the
wetland parameters; only the waste dependent parameters of the model were
investigated. When the numerical values of the wetland parameters
(mentioned in section 3.4.4.2) were substituted in Equation 11, the resultant
equation could be simplified as follows, shown by Equation 15:
C.= AEXP[-86.7KTt]
o
(15)
The coefficient 86.7 is due to the wetland parameters (see section
3.4.4.2). This coefficient accounts for the plant specific surface area (Av
=15.7), and an empirical constant for filter media characteristics of plants for
bacterial attachment (0.7), that is similar to the characteristic of a trickling
filter. Equation 16 presents the linearized form of the model:
In
ce
86.7KTt
CoA
(16)38
The equation is the form of a simple linear regression model with
slope 86.7 KT and Y-intercept zero. The dependent variable [Ce/(C0A)] is a
function of hydraulic residence time, t. The parameter "A" in Equation 15 is
the correction factor for the model. This correction factor refers to the
fractional part of the total BOD5 which includes only colloidal and dissolved
fraction of the influent BOD5. Since the settleable fraction of the BOD5 will
settle close to the inlet area and only colloidal and dissolved fraction of the
BOD5 will run through the wetlands, the model describes the rate of
degradation for this colloidal and dissolved unsettleable fraction of BOD5.
The hydraulic residence times of wastewater for various sampling
points were calculated by the relationship given in Equation 17:
tWdn
(L)
where,
W = width of wetland cell, (21 m)
d = depth of wetland cell, (0.45 in)
n = porosity of the cell, (0.75) and,
L = length, the various sampling points, m
(17)
The above relationship is the ratio of the volume to the design flow
of the wetlands. Cell 2 had a design flow of Q=73 m3 (1-', and cells 5 and 10
had the design flows of Q=35 m339
By substituting the above numerical values, the hydraulic residence
times, t, for each sampling point were calculated as:i) for cells 5 and 10,
t = 0.203 (L) days, and ii) for cell 2, t = 0.097(L) days.
5.3 Determination of KT and K20 Values
The degradation rate constant, KT, values were determined by the
application of the first-order plug-flow kinetics using the linear form of the
model (Equation 16). This linear form of the model was also used on all data
points collectively (Figure 5-4, and 5-5) as well as on data for each sampling
day separately. For the collective data points an average of the temperature
was used to calculate K20 values. Because cells 5 and 10 were replication of
each other, the regression for all data points were used only for these two
cells.
During the application of linearized model, the fractional remaining
BOD5 for each sampling point were divided by the respective estimated "A"
values. The (Ce/Co*A) values were log transformed according to the model.
A simple linear regression was carried out on ln(Ce/Co*A) as the dependent
variable and HRT of wastewater at different sampling point as independent
variable. Because the Y-intercept of the linear equation iszero, the
regression was forced through the origin of the axis. The slopes of the
regression analysis was divided by the wetland coefficient (86.7) to get KT
values.40
In order to determine K20 values, the modified van't Hoff-Arrhenius
relationship was used. The equation (as described in section 3.4.5) is as
follows:
KT _ K
where,
(14)
T= the water temperature, °C
0= the temperature coeficient. The value of 0 for an aquatic
system as described by Tchobanoglous et. al. (1980) is 1.06.
KT= temperature dependent removal rate constant,t-1
K20= removal rate constant at 20°C, t-'
5.4 Results
The KT value for each individual data set was determined by the
application of first-order plug-flow model (equation16). A regression
analysis was carried out independently for each data set. The respective
water temperature of the day was used in thevan't Hoff-Arrhenius
relationship to determine K20 values for the day. Tables 5-1, 5-2 and 5-3 list
the respective KT and K20 values,their temperature and correlation
coefficients for cells 5, 10 and 2 respectively. The mean K20 values and the
standard deviations were calculated for each cell. The values for the
correction factor "A" for respective data sets are also listed in the tables.41
Figure 5-3 represents a sample fitting of the data points for individual
data sets for May 18 from cell 5. Figures 5-4 and5-5 show a collective
regression fit for all data sets from cell 5 and cell10. The average
temperature of all the days were used to estimate the K20 values. The results
of the collective regression analysis did not differ very much from the
independent calculations. K20 values for cells 5 and 10 were 0.0022 and
0.0013 by using collective regression while 0.0023 and 0.0013 by using
individual data sets.42
Table 5-1.Kr and K20 Values for Cell #5
Date sampled Temperature
°C Values
KT Values
(d')
K,0 Values
(e)
Correlation
Coefficient
April 14 13 0.98 0.0014 0.0021 0.96
May 7 12.5 0.89 0.0020 0.0032 0.96
May 12 16 0.96 0.0016 0.0020 0.95
May 18 18 0.96 0.0015 0.0017 0.91
Mean 0.0023
SD 0.00066
Table 5-2.KT and K20 Values for Cell #10
Date sampled Temperature
°C Values
KT Values
(e)
K20 Values
(d-')
Correlation
Coefficient
March 26 16.5 0.99 0.00099 0.0012 0.99
April 14 12.8 0.98 0.0010 0.0016 0.83
May 7 12.9 0.82 0.00074 0.0011 0.89
May 14 17 0.96 0.00097 0.0012 0.96
Mean 0.0013
SD 0.0002243
Table 5-3.KT and K2,, Values for Cell #2
Date sampled Temperature
°C Values
KT Values
(d -1)
K20 Values
(d-1)
Correlation
coefficient
March 24 16 0.94 0.00093 0.00118 0.83
March 31 16.7 0.99 0.0013 0.0016 0.98
April 12 14.4 0.98 0.00035 0.00048 0.50
April 18 14.0 0.97 0.00052 0.00074 0.76
May 5 18.3 0.92 0.00052 0.00057 0.49
May 12 16.5 0.93 0.00052 0.00064 0.47
Mean 0.00087
SD 0.00043
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Figure 5-3. Linear regression fit for an individual data set, May 18 from cell 5.
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5.5. Discussion
This study shows that the first-order kinetics rate constant changes
accordingtothewetlandcells,hydraulicresidencetimeandthe
characteristics of the wastwater. These differences could be explained by
biological characteristics of the wetland cells, the validity of the BOD5
parameter and first-order kinetics for pulp mill wastewater.
Two different hydraulic characteristics were allocated in the 3 different
experimental wetland cells. Cell 2 had 6.1 days HRT (with HLR of 5.5 cm
d-') while cells 5 and 10 had 12.2 days HRT (with HLR of 2.7 cm d-').
Higher flow velocity in cell 2 might have resulted in a greater short
circuiting and irregular removal rate as compared to cell 5 and 10. The
maximum HLR and minimum HRT recommended for free water surface
constructed wetland were 2.5-5 cm CI-1 and 5-10 days respectively (30).
Cells 5 and 10 had similar hydraulic characteristics. Theoretically, a
repeatable result was expected from these two cells.Instead a wide
variability of K20 values resulted. The mean K20 value for cell 5 was 0.0023
and for cell 10 was 0.0013 (see table 5-2 and 5-3). The mean K20 value for
cell 2 was 0.00087. One-way-analysis of variance indicated that, at 5% level
of significance, the mean K20 values for cell 2 isdifferent from cell 5 but
not different from cell10 (5% level).Cell 2 was expected to show
significantly different K20 values from both cells, instead no significant
difference was observed between cell 10 and cell 2. This is probably due to
the wide range of variability of K20 values.46
The removal rate constant in cell 2 resulted in a lower value (0.00087
for K20) than cells 5 and 10. However, this K20 value for cell 2 was not
replicated. In addition, it showed wide spatial and temporal variabilities. The
values for cells 5 and 10, although showed variabilities, they were replicated.
An average values of these 2 cells may be considered as the reference
removal rate constant for pulp mill wastewater in constructed wetlands.
Variabilities are normally expected in a natural biological system under
field conditions. Many uncontrolled factors are associated with this treatment
system. Consequently, the assumptions used for BOD5 parameters may not
be always true for the systems. It is assumed that the influent BOD5 remains
constant during a study period. However, this assumption may not be always
true. Sometimes the influent BOD5 changes depending on the load from the
plant operation. Since a plug-flow system is assumed, samples drawn along
the length of the wetlands cells are not the representative samples for the
influent of that day, the samples are representatives for the influent of earlier
days. When a different strength BOD5 enters into the system, it takes the
entire period of effective residence time before the system becomes normal
again. If the sampling time is overlapped with such a situation, a different
number would be expected at the sampling points. In addition, in a natural
system like constructed wetlands, BOD5 are generated from the system itself.
The detritus of plants and the aquatic life in the system generate BOD5 and
release various concentration at different time. Finally, the variability may
also be due to the different vegetation densities in the systems. Denser
vegetation provide more surface area for microbial attachment. In contrast,
denser vegetation is responsible for higher BOD5 generation in the system47
from its detritus if the plants are not harvested. Dense vegetation can also
keep the water cool providing shade from its leaf canopy; this may in turn
increase saturation level of dissolved oxygen in the wastewater.
The values for the parameter "A", the colloidal and soluble fractional
BOD5 that do not settle near the headworks, turned out to be very large. In
other word, the influent had very little settleable BOD5. In the case of
municipal wastewater, the value for the parameter "A" was smaller, for
primary treated effluent it was assumed 0.52 and secondary treated effluent
0.73 (1), while in our study the value for this parameter were recorded 0.95.
A possible reason for the higher value was the location of the influent intake
point of the effluent. A great portion of the settleable BOD5 is generally
evolved from the dead cell mass of microbes. Since the intake point was at
the first quarter point of the lagoon, perhaps the bacteria cell mass was still
growing. When the final effluent of lagoon was partitioned it showed higher
percentage of settleable BOD5.
The removal rate constant, KT for pulp mill wastewater turned out to
be significantly lower than the rate constant for municipal wastewater. K20
for municipal waste is 0.0057 but for pulp mill it varied between 0.0013 to
0.0023. In general, pulp mill effluent is known to contain a variety of higher
molecular weight compounds and laboratory analysis showed that it has a
higher COD:BOD ratio than does typical municipal waste (31). One may
expect that the removal rate constant for pulp mill effluent is lower than the
rate constant for municipal waste.48
If the average K20 value for pulp mill effluent in a FWS constructed
wetland is assumed 0.0018 (the average value of cell 5 and cell 10), then the
hydraulic residence time and the land area requirements for a given pulp mill
effluent can be calculated by the following procedures:
Solving Equation 15 for residence time, t
tLWdn In CoIn Ce + InA
Q 86.7 KT
(18)
Substituing the value of n (n = 0.75) the land area (ha) can be solved by
Equation 19 as followes:
+ InA) InCe
LW = Land area (ha)
Q (In Co
(19)
65 KT d (10000)
The numerical value for "A" can be estimated by partitioning a given
effluent. KT value can be determined by the following relationship of
Equation 14:49
KT = ico(0)T 20 (14)
where,
0 = 1.06, the temperature coefficient
K20= 0.0018 d', as determined by the study
T= the average temperature of the season, °C.50
6. CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
The objective of this study was to develop a kinetic design model for
treatment of pulp mill wastewater in a free water surface (FWS) constructed
wetland. The model would essentially be a modified form of a municipal
wastewater treatment model. Only the waste dependent parameters in the
model (degradation rate constant and dissolved unsettleable fraction of
BOD5) for pulp mill wastewater were investigated by this study.
The study showed that the removal rate constant, K20 for pulp mill
wastewater is different from municipal wastewater. For pulp mill wastewater,
the removal rate constant is smaller than municipal wastewater. The K20 for
municipal wastewater is 0.0057 and K20 for pulp mill wastewater is 0.0013
to 0.0023. This smaller removal rate of pulp mill wastewater means the
treatment of pulp mill wastewater in the constructed wetlands would require
almost 3 times more volume than a system treating municipal wastewater of
similar strength.
The study also showed that the hydraulic characteristics of a wetland
is an important consideration for achieving consistent treatment. Spatial and
temporal variabilities were higher with high hydraulic loading rate (HLR)
and low hydraulic residence time (HRT). However,variabilitiesof
degradation rate constant can not be explained only by the hydraulic
characteristics. It was observed that significant variabilities also exist within51
the wetland cells of similar hydraulic characteristics. The vegetation density,
effective depth, biological community living in the system; and also flow
channelization or short circuiting and the moderate HLR within the same
hydraulic residence time are important factors that might influence the
removal rate of the wetlands.
6.2 Recommendations
1.The removal rate constant is dependent on temperature. It would
generally vary with the seasons as temperature changes, assuming
other factors constant. A study is suggested to estimate the KT values
for different season under field condition and compare it with K20
value.
2.Depth is an important factor to define hydraulic residence time in a
FWS wetland and also to determine the volume of wastewater that can
be treated in a given wetland system. Surface aeration plays an
important role for dissolved oxygen concentration of wastewater.
During summer months, anaerobic conditions may occur due to
reduced oxygen solubilities and increased oxygen use by the biological
community. To maintain a balance between the increased degradation
rate, low solubility and oxygen use, an appropriate depth is required
to be investigated.52
3.Keeping the HLR constant, the HRT can be changed by changing the
depth of the wetland cells. A study is required to determine the
appropriate HRT for a corresponding loading rate.
4.The influence of vegetation density is certainly an important factor in
the wetlands systems. Removal rates were significantly different in cell
5 and cell 10 even though they had similar hydraulic characteristics.
Vegetation density might have influenced these differences. Future
investigation should include an estimation of this parameter.53
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